Photoproduction of spin and charge carriers in halogen-bridged binuclear
  platinum chain complexes by Yamamoto, Shoji & Ohara, Jun
ar
X
iv
:0
80
9.
47
60
v1
  [
co
nd
-m
at.
str
-el
]  
27
 Se
p 2
00
8
Photoproduction of spin and charge carriers in halogen-bridged binuclear platinum
chain complexes
Shoji Yamamoto and Jun Ohara
Department of Physics, Hokkaido University, Sapporo 060-0810, Japan
(Dated: 21 June 2008)
Nonlinear lattice relaxation of photoexcited diplatinum-halide chain compounds is theoretically in-
vestigated within a one-dimensional extended Peierls-Hubbard model. We first illuminate the whole
relaxation scenario in terms of variational wave functions and then visualize each relaxation channel
numerically integrating the Schro¨dinger equation. High-energy excitations above the electron-hole
continuum tend to relax into polarons, while excitons pumped within the optical gap, unless lu-
minescent, turn into solitonic states nonradiatively. Neutral and charged solitons coexist as stable
photoproducts, which has never been observed in conventional platinum-halide chains, and they are
highly resonant on the occasion of their birth and geminate recombination.
PACS numbers: 71.45.Lr, 78.20.Bh, 71.35.−y, 71.23.An
I. INTRODUCTION
Halogen (X)-bridged binuclear transition-metal (M)
linear-chain complexes1,2,3,4 have stimulated a renewed
interest in the MX class of materials.5,6 Metal bin-
ucleation induces an unpaired electron per metal-
dimer unit even in valence-trapped states, contrast-
ing with the Peierls-gapped state of M2+ and M4+
in conventional MX chains. The M dz2 -M dz2 direct
overlap effectively reduces the on-site Coulomb repul-
sion due to its dσ∗ character, remarkably enhancing
the electron itinerancy. The MMX electronic state
is thus activated and full of variety.7,8 Diplatinum-
halide varieties, A4[Pt2(pop)4X ]·mH2O (X = Cl,Br, I;
A = NH4,Na,K, · · ·; pop = diphosphonate =
P2O5H2)
1,2 structurally resemble conventionalMX com-
pounds and exhibit the most likely charge density
wave (CDW) with the halogen-sublattice dimerized:9,10
−X−· · ·Pt2+Pt2+· · ·X−− Pt3+Pt3+−X−· · ·. However,
the ground state is quite sensitive to bridging halogens
and counter ions.11,12 In the iodo complexes the valence
arrangement is highly tunable with pressure application
and optical irradiation.13,14,15,16,17,18 Their analog with-
out any counter ion, Pt2(dta)4I (dta = dithioacetate =
CH3CS2)
3 is of metallic conduction above room
temperature.19,20 With decreasing temperature, it un-
dergoes successive phase transitions21,22,23,24 and ends
up with a distinct Peierls-distorted state of alternat-
ing charge polarization (ACP):25,26 · · · I−· · ·Pt2+Pt3+−
I−−Pt3+Pt2+· · · I−· · ·, where the metal sublattice, which
is free from any hydrogen bonding, is dimerized. The
methyl group in the dta ligand can be replaced by longer
alkyl chains27,28 so as to enhance the one dimensionality.
Photoexcited MX complexes are more and more in-
teresting. By analogy with topological excitations in the
trans isomer of polyacetylene, several authors29,30,31 had
an idea of various defect states existing in PtX chains.
Solitonic and polaronic excitations5,6,32,33,34 were partic-
ularly investigated in relation to experimental findings.
Such charge and/or spin carriers may be less massive
and more mobile in Pt2X chains with much smaller band
gaps.35,36 There indeed appear new vibrational features
in the resonant Raman spectra of K4[Pt2(pop)4Cl]·H2O,
which can be ascribed to polaronic defects due to the de-
ficiency of counter ions.37 Electron-spin-resonance (ESR)
measurements on Pt2(C5H11CS2)4I reveal thermally ac-
tivated mobile spins attributable to neutral solitons.38
Photoexcitation is a promising approach to producing
these valence anomalies in a systematic fashion. Thus
motivated, we analyze the electron-lattice dynamics of
photoexcited Pt2X chains. We first reveal the whole re-
laxation scenario in terms of variational wave functions
and then visualize each story as a solution of Schro¨dinger
equation. Neutral solitons and/or polarons were ob-
served in [Pt(en)2Cl](ClO4)2 (en = ethylenediamine =
C2H8N2),
39,40,41 whereas charged solitons and polarons
in [Pt(en)2I](ClO4)2.
42,43 However, neutral and charged
solitons do not seem able to coexist as photoproducts
in any MX chain.32,44 There may be a wider variety of
relaxation channels in varied MMX chains.45
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FIG. 1: Hartree-Fock calculation of a ground-state phase di-
agram on the α-β-UM cube for MMX chains.
2II. MODELLING
We describe Pt2X chains by the
3
4
-filled single-band
Peierls-Hubbard Hamiltonian
H = −
∑
n,s
[
tMXM − α(ln+1 + rn)
](
a†n+1,sbn,s
+ b†n,san+1,s
)− tMM ∑
n,s
(
b†n,san,s + a
†
n,sbn,s
)
− β
∑
n,s
(lnnn,s + rnmn,s) +
KMX
2
∑
n
(
l2n + r
2
n
)
+
MX
2
∑
n
u˙2n +MM
∑
n
v˙2n
+ UM
∑
n
(nn,↑nn,↓ +mn,↑mn,↓)
+
∑
n,s,s′
(VMMnn,smn,s′ + VMXMnn+1,smn,s′), (2.1)
where nn,s = a
†
n,san,s and mn,s = b
†
n,sbn,s with a
†
n,s and
b†n,s creating an electron with spin s =↑, ↓≡ ± on the
Pt dz2 orbitals in the nth diplatinum unit. tMM and
tMXM describe the intradimer electron transfer and the
interdimer electron supertransfer, respectively, and are
set for tMM = 2tMXM . α and β characterize electron-
lattice interactions of the Peierls and Holstein types, re-
spectively. ln = vn − un−1 and rn = un − vn with un
and vn being, respectively, the chain-direction displace-
ments of the nth halogen ion and diplatinum cluster from
their equilibrium positions. Deformation of every diplat-
inum cluster is negligible. KMX is the platinum-halogen
spring constant, while MX and 2MM are the masses of
a halogen atom and a diplatinum complex, respectively.
Any calculation is carried out in a chain of a hundred or
more Pt2X units under the periodic boundary condition,
where no significant size effect survives.
We show in Fig. 1 a ground-state phase diagram of
the Hamiltonian (2.1) within the Hartree-Fock (HF) ap-
proximation. The site-diagonal Holstein-type electron-
lattice coupling stabilizes the CDW state against the
Mott-Hubbard (MH) insulating state, while the site-off-
diagonal Peierls-type one contributes towards realizing
the ACP state. We consider both pop and dta families
of Pt2X complexes, setting (α, β)/
√
tMXMKMX equal to
(0.0, 1.2) and (0.3, 0.8), respectively. Typical PtX chains
lie in the intermediate-correlation regime6,32 of VMXM ≪
UM <∼ tMXM and platinum binucleation should effec-
tively reduce the on-site repulsion. Thus we fix the Pt2X
Coulomb parameters at (UM , VMM , VMXM )/tMXM =
(0.5, 0.25, 0.15). The d-p hybridization and the resul-
tant interdimer supertransfer significantly depend on the
bridging halogens. The Pt-I transfer integral is in-
deed a few times as large as the Pt-Cl one.37,46 The
present parametrization well features Pt2X chains, but
the Coulomb parameters, when scaled, may fundamen-
tally vary with X .
III. VARIATIONAL CALCULATION
Photoinduced charge-transfer excitations first spread
over the chain and then transform themselves into local
defects. Such self-localization processes can be visual-
ized through the calculation of adiabatic potential energy
surfaces in a variational manner.32,33,44,45 Solitonic relax-
ation channels are describable with a trial wave function
ln = σ(−1)nλ
[
1 + κ
(
tanh
|n| − d/2
ξ
− 1
)]
,
rn = (−1)nλ
[
1 + κ
(
tanh
|n+ δ| − d/2
ξ
− 1
)]
, (3.1)
whereas polaronic ones with
ln = σ(−1)nλ
[
1 + κ
(
tanh
∣∣∣∣ |n| − d/2ξ
∣∣∣∣− 1)
]
,
rn = (−1)nλ
[
1 + κ
(
tanh
∣∣∣∣ |n+ δ| − d/2ξ
∣∣∣∣− 1)
]
, (3.2)
where the variational parameters κ, ξ and δ are deter-
mined at every interdefect distance d given so as to min-
imize the energy of the lowest-lying excited state, setting
λ equal to the uniform halogen-ion displacement relative
to neighbouring diplatinum clusters in the CDW (σ = 1)
or ACP (σ = −1) ground state. Once the ground state
is photoexcited into the Frank-Condon state, which still
sits at κ = 0, the uniform bond alternation begins to
be locally deformed. Increasing κ with d remaining to
be zero depicts the self-stabilization of a charge-transfer
exciton. The fully stabilized, that is to say, self-trapped
exciton (STE) may have paths to a pair of soliton and
antisoliton and that of polarons. Such defect pairs may
be directly generated from free electron-hole pairs, which
are higher-lying excited states, with κ and d being tuned
simultaneously. ξ determines the width of a defect. δ
is just a minor parameter, bringing the defect center any
other types of valence oscillation besides the ground-state
one.36
The lattice configuration is adiabatically determined
within the HF scheme. The ground-state bond-
alternation amplitude λ minimizes 〈E0|H|E0〉 ≡ E0 in
a chain of constant length, where
|E0〉 =
∏
ǫµ,s≤ǫF
c†µ,↑c
†
µ,↓|0〉, (3.3)
with |0〉 denoting the true electron vacuum, ǫF indi-
cating the Fermi energy, and c†µ,s, generally given as∑
n(ϑµ,n,sa
†
n,s+ϕµ,n,sb
†
n,s), creating an electron of spin s
in the HF eigenstate of eigenvalue ǫµ,s. The excited-state
parameters κ, ξ and δ minimize HF〈E1|H|E1〉HF, where
|El〉HF = c†ν,scµ,s|E0〉, (3.4)
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FIG. 2: The solitonic (the left two panels) and polaronic (the right two panels) relaxation channels of photoexcited Pt2X chains
whose ground states are of the CDW (a) and ACP (b) types, which are relevant to A4[Pt2(pop)4X]·mH2O and Pt2(dta)4I,
respectively. EHFl is plotted with solid lines, while E
CI
l with symbols. A fully stabilized exciton, unless decays by luminescence,
may be dissociated into a neutral (1) or charged (2) soliton (S)-antisoliton (S¯) pair. Any potential soliton pair is so fragile
as to recombine to disappear (3). Polaron (P) pairs may be generated by high-energy excitations reaching the electron-hole
continuum.
provided ǫµ,s ≤ ǫF < ǫν,s. For the first excited state
l = 1, µ and ν are set equal to the highest-lying occu-
pied and lowest-lying vacant levels, respectively. When
we take particular interest in the lth energy surface,
HF〈El|H|El〉HF may be minimized instead. However, the
whole energy scheme is not so sensitive to the variational
target as to be qualitatively changeable. In any case the
HF lth excited-state energy EHFl is trivially written as
E0 + ǫν,s − ǫµ,s.
We further consider configuration interactions (CIs)
between the HF excited states in an attempt to describe
Coulomb correlations with more precision. Excited states
of the single-particle-hole CI type are expressed as
|El〉CI =
∑
ǫµ,s≤ǫF<ǫν,s
f(µ, ν, s; l)c†ν,scµ,s|E0〉, (3.5)
where f(µ, ν, s; l) diagonalizes the original Hamiltonian
(2.1). The refined lth excited-state energy ECIl is given
by CI〈El|H|El〉CI.
Figures 2 presents the thus-calculated adiabatic poten-
tial energies as functions of d, where the ground-state en-
ergy is set for zero. Even though fully stabilized excitons
are most likely to decay directly into the ground state,
whether radiatively or nonradiatively, we take particu-
lar interest in their relaxing further into solitonic states.
No energy barrier between an STE and any S − S¯ pair,
which is not the case with PtX chains,32,44 allows STEs
to decay rather fast. Solitons have localized wave func-
tions and their overlap rapidly decreases with increasing
d. Instantaneous charge transport between far distant S
and S¯ is hardly feasible. Therefore, tunnelling between
the energy surfaces E1 and E0 occurs at a moderate sepa-
ration. Charged soliton pairs may be less reachable than
neutral ones, because assistant lattice fluctuations of odd
parity44 are necessary to their occurrence. In any case,
once a pair of soliton and antisoliton is generated at a cer-
tain distance, say, d >∼ 20, they must be long-lived owing
to an energy barrier to the ground state, especially on an
ACP background. On the other hand, there is no possi-
bility of an STE changing into a polaron pair. Polaronic
states are available from the electrons pumped above the
optical gap. Polaron pairs disappear into STEs, which
are either luminescent or ready for further relaxation into
solitonic states (see Figs. 5 and 6 later on).
Indeed there are Coulomb-correlation-induced config-
uration interactions especially in the small-d region, but
the correction ECIl − EHFl is not so significant in Pt2X
chains of moderate Coulomb correlations. It is not the
case with Ni2I chains of UM ≫ tMXM .47 Since the most
important variational prediction of neutral and charged
solitons coexisting as stable photoproducts remains un-
changed with the CI refinement of the energy surfaces,
we reasonably employ the time-dependent HF method in
order to verify this scenario.
IV. REAL TIME DYNAMICS
We trace charge-transfer excitations as functions of
real time solving the Schro¨dinger equation
ih¯Ψ˙µ,s(t) = HHFs (t)Ψµ,s(t), (4.1)
where HHFs (t) and Ψµ,s(t), the spin-s sectors of the HF
Hamiltonian and wave function, are given by a square
matrix and a column vector of degree 2N , respectively.
Defining the wave vector as
Ψµ,s(t) =

ϑµ,1,s(t)
ϕµ,1,s(t)
...
ϑµ,N,s(t)
ϕµ,N,s(t)
 , (4.2)
and employing a unitary transformation
4U =

0 1 0 · · · 0
0 0 1
. . .
...
...
. . .
. . .
. . . 0
0 · · · 0 0 1
1 0 · · · 0 0
 , (4.3)
we express the Hamiltonian as
HHFs (t) = diag [P1,s(t), · · · ,PN,s(t)]
+ U †diag [Q1,s(t), · · · ,QN,s(t)]U, (4.4)
where the 2× 2 matrices
Pn,s(t) =

−β
2
[vn(t)− un−1(t)] + UM
2
An,−s(t)
+
VMM
2
Bn(t) +
VMXM
2
Bn−1(t)
−tMM − VMMPn,s(t)
−tMM − VMMP ∗n,s(t)
−β
2
[un(t)− vn(t)] + UM
2
Bn,−s(t)
+
VMM
2
An(t) +
VMXM
2
An+1(t)

,
Qn,s(t) =

−β
2
[un(t)− vn(t)] + UM
2
Bn,−s(t)
+
VMM
2
An(t) +
VMXM
2
An+1(t)
−tMXM + α[vn+1(t)− vn(t)]
− VMXMQn,s(t)
−tMXM + α[vn+1(t)− vn(t)]
− VMXMQ∗n,s(t)
−β
2
[vn+1(t)− un(t)] + UM
2
An+1,−s(t)
+
VMM
2
Bn+1(t) +
VMXM
2
Bn(t)

, (4.5)
are self-consistently calculated through
An(t) =
∑
s
An,s(t) =
∑
s
∑′
µ
∣∣ϑµ,n,s(t)∣∣2,
Bn(t) =
∑
s
Bn,s(t) =
∑
s
∑′
µ
∣∣ϕµ,n,s(t)∣∣2,
Pn(t) =
∑
s
Pn,s(t) =
∑
s
∑′
µ
ϑ∗µ,n,s(t)ϕµ,n,s(t),
Qn(t) =
∑
s
Qn,s(t) =
∑
s
∑′
µ
ϕ∗µ,n,s(t)ϑµ,n+1,s(t), (4.6)
with
∑′
denoting the summation over the initially oc-
cupied levels. Now the HF wave vector {ϑµ,n,s, ϕµ,n,s}
and the lattice configuration {un, vn} are both time de-
pendent. Discretizing the time variable as tj = j∆t
(j = 0, 1, 2, · · ·) with the interval ∆t much smaller than
ω−1eff ≡
√
MMMX/(2MM +MX)KMX , we schematically
integrate eq. (4.1):
Ψµ,s(tj+1) = Tˆ exp
[
− i
h¯
∫ tj+∆t
tj
HHFs (t)dt
]
Ψµ,s(tj),
(4.7)
where Tˆ denotes the time ordering. Employing a gen-
eral decomposition theory of ordered exponentials,48 to-
gether with the expression (4.4), we can carry out the
time evolution of eq. (4.7) without numerically diagonal-
izing HHFs (t) at every time step,49 which serves to accel-
erate the calculation. We adopt a fractal decomposition
up to the third order of ∆t.50,51
The lattice dynamics is governed by Newton’s equation
of motion,
MX u¨n(t) = KMX [vn+1(t)− 2un(t) + vn(t)]
− β[An+1(t)−Bn(t)] ≡ Fn(t),
2MM v¨n(t) = KMX [un(t)− 2vn(t) + un−1(t)]
+ α[Qn(t) +Q
∗
n(t)−Qn−1(t)−Q∗n−1(t)]
+ β[An(t)−Bn(t)] ≡ Gn(t). (4.8)
With the discrete time variable, we evolve the lattice con-
figuration as
un(tj+1) = un(tj) + u˙n(tj)∆t,
u˙n(tj+1) = u˙n(tj) +
Fn(tj)
MX
∆t,
vn(tj+1) = vn(tj) + v˙n(tj)∆t,
v˙n(tj+1) = v˙n(tj) +
Gn(tj)
2MM
∆t. (4.9)
We start any calculation from a stationary lattice of the
CDW or ACP type:
vn(t0)− un−1(t0) = σ(−1)nλ+∆ln(t0),
un(t0)− vn(t0) = (−1)nλ+∆rn(t0), (4.10)
u˙n(t0) = v˙n(t0) = 0, (4.11)
where ∆ln(t0), ∆rn(t0) (≪ λ) are introduced at random
as thermal fluctuations.
5FIG. 3: Contour plots of bond, spin and charge variables as functions of space and time for the first excited state of a
Pt2X chain with a CDW (σ = 1) background: (a) the bond order parameters l˜n(t) = σ(−1)n[−ln−1(t) + 2ln(t) − ln+1(t)]/4,
r˜n(t) = (−1)n[−rn−1(t) + 2rn(t) − rn+1(t)]/4; (b) twice the net spin densities S¯(1)n (t) =
∑
s
sA¯
(1)
n,s(t) =
∑
s
s[A
(1)
n−1,s(t) +
2A
(1)
n,s(t) + A
(1)
n+1,s(t)]/4, T¯
(1)
n (t) =
∑
s
sB¯
(1)
n,s(t) =
∑
s
s[B
(1)
n−1,s(t) + 2B
(1)
n,s(t) + B
(1)
n+1,s(t)]/4; (c) the net electron densities
A¯
(1)
n (t) =
∑
s
A¯
(1)
n,s(t), B¯
(1)
n (t) =
∑
s
B¯
(1)
n,s(t); where ln(t) = vn(t) − un−1(t) and rn(t) = un(t) − vn(t), while A(l)n,s(t) =∑
µ
f
(l)
µ,s|ϑµ,n,s(t)|2 and B(l)n,s(t) =
∑
µ
f
(l)
µ,s|ϕµ,n,s(t)|2 with f (l)µ,s being the time-independent distribution function of spin-s
electrons for the lth excited state. When l = 1, f
(l)
µ,s = 1 for µ ≤ 3N/2 and f (l)µ,s = 0 for µ > 3N/2 but f (l)3N/2,↑ = 0 and
f
(l)
3N/2+1,↑
= 1.
FIG. 4: The same as Fig. 3 but with an ACP (σ = −1) background.
6FIG. 5: The same as Fig. 3 but for the fourth excited state. When l = 4, f
(l)
µ,s = 1 for µ ≤ 3N/2 and f (l)µ,s = 0 for µ > 3N/2
but f
(l)
3N/2−1,↑
= 0 and f
(l)
3N/2+2,↑
= 1.
FIG. 6: The same as Fig. 5 but with an ACP (σ = −1) background.
In an attempt to guide future experiments, we adopt
a realistic set of parameters: tMXM = 1.5 eV, KMX =
8.0 eV/A˚
2
, 2MM = 13.4 × 105Me, MX = 2.3 ×
105Me;
35,36 where Me is the electron mass. Numeri-
cal integration is reliable enough with ∆t = 10−3ω−1eff =
0.0255 fs. The initial disorder [∆ln(t0), ∆rn(t0)] is re-
stricted to 10−4λ, which corresponds to low temperatures
of 10K <∼ T ≃ 0.05h¯ωeff/kB <∼ 20K, where both CDW
and ACP ground states are fully stabilized.13,21
We first pump up an electron to the first excited state
7and observe the following time evolution. Typical exam-
ples are shown in Figures 3 and 4. Photoproduction of
neutral (1) and charged (2) soliton-antisoliton pairs and
their geminate recombination in the early stage (3) are
clearly found on both CDW and ACP backgrounds, sup-
porting the analytical findings in Fig. 2. In all the cases,
a single and local defect is first nucleated on the ground-
state lattice configuration and further lattice relaxation
induces excess spin or charge density in the defect cen-
ters. Although the photoexcitations are finalized into
S0↑− S¯0↓ and S−− S¯+ pairs along the paths 1 and 2, re-
spectively, the early kinks on the path 2 convey net spins
rather than charges and then even wear charges and spins
alternatively. This is a strong evidence for tunnelling be-
tween the energy surfaces E1 and E0 in Fig. 2. Kinks
seem to be more frequently stabilized into spin solitons
than into charged ones at low temperatures (see Fig. 7
later on). The oscillation between neutral and charged
kinks is generally observed on the occasion of their gem-
inate recombinations.
The CDW and ACP backgrounds oscillate at regular
intervals but with different frequencies. The CDW oscil-
lation is mainly caused by the halogen sublattice, while
the ACP oscillation by the platinum sublattice. The ra-
tio of the former frequency to the latter one indeed reads√
2MM/MX ≃ 2.4. Figures 3(3) and 4(3) demonstrate
in common that a newborn soliton-antisoliton pair sur-
vives twice the oscillational period and then recombine
to disappear. ACP solitons are consequently longer-lived
than CDW solitons.
Next we pump up an electron to the fourth excited
state. Typical examples are shown in Figures 5 and 6.
Now far distant defects in a pair, accompanied by ex-
cess spin and charge densities all along, suddenly appear
within much less than picoseconds, which is again consis-
1 2 3
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FIG. 7: Characterization of photoproducts at the moment
of four picoseconds after pumping up an electron to the
first (a) and fourth (b) excited states with CDW and ACP
backgrounds. Every case we observe two hundred samples
changing the initial condition at random and encounter neu-
tral soliton-antisoliton pairs (1), charged soliton-antisoliton
pairs (2), linear combinations of them, which result in kink-
antikink pairs with excess spin and charge densities of fraction
(1+2) and those without any excess density of spin and charge
(1+1, 2+2), polaron pairs (4, 4′), linear combination of them,
which result in pairs of dips on the bond order parameters
with either spin or charge excess density (4 + 4′) and those
without any excess density of spin and charge (4 + 4, 4′ +4′),
and no local defect detectable (3). The categorization is com-
pactly summarized in Table I.
tent with the analytical findings in Fig. 2. Any defect is
more delocalized on an ACP background than on a CDW
background and polarons are less localized than solitons
in general. The excess spin and charge densities accom-
panying the ACP polarons are widely distributed. All
the findings accord with the preceding variational calcu-
lations. When the interdefect distance d is much larger
than the defect width ξ, the solitonic and polaronic wave
functions (3.1) and (3.2) are optimized at ξ = 3.45 and
ξ = 5.94, respectively, in the case of a CDW background,
whereas they are most stable at ξ = 4.25 and ξ = 8.00,
respectively, in the case of an ACP background. The
smaller gap, the wider extent of any defect. The adopted
CDW and ACP ground states possess Peierls gaps of
0.68 eV and 0.53 eV, respectively. The gap, unless too
large, well scales the defect extent.36 The asymmetric
lattice deformation of a pair of far distant polarons was
found in PtX chains as well.33 A pair of polarons often re-
combine failing to stably separate away from each other,
where they disappear necessarily via an STE. Unless the
STE is luminescent, it nonradiatively relaxes further into
a solitonic state, as we have already observed in Figs. 3
and 4. Thus higher-energy excitations are longer-lived in
general.
We close our time-dependent HF calculation estimat-
ing how probable each photoproduct is. We carry out
numerical integrations with varying initial condition and
count in Fig. 7 the resultant photoproducts classified
into several categories. High-energy excitations above
the electron-hole continuum tend to relax into polarons,
while excitons pumped within the optical gap are self-
localized and then dissociated into solitons and antisoli-
tons in pairs. Solitons are easier neutral than charged.
Both solitons and polarons are so fragile that the major
part of them disappears in pairs within a few picosec-
TABLE I: Classification of photoproducts.
Character Configuration Label
neutral soliton S0↑− S¯0↓,S0↓− S¯0↑ 1
charged soliton S+− S¯−,S−− S¯+ 2
kink with fractional
spin and charge
K
+↑
2 − K¯
−↓
2 ,K
−↓
2 − K¯
+↑
2
K
−↑
2 − K¯
+↓
2 ,K
+↓
2 − K¯
−↑
2
1 + 2
kink with neither
spin nor charge
K− K¯ 1 + 1
2 + 2
polaron
P−↑− P+↓,P+↓− P−↑
P−↓− P+↑,P+↑− P−↓
4
4′
dip with either
spin or charge
D↑−D↓,D↓−D↑
D+−D−,D−−D+ 4 + 4
′
dip with neither
spin nor charge
D−D 4 + 4
4′ + 4′
8onds. There appear kinks and dips on the bond order
parameters with unusual spin and/or charge densities in
their centers, which can be regarded as linear combina-
tions of prototypical solitons and polarons.52 A pair of
kink and antikink wearing half of the full electron/hole
charge and spin, K
+↑
2 − K¯
−↓
2 , for example, consists of
S0↑− S¯0↓ and S+− S¯− in phase and of equal weight. Such
resonant states are better understandable if we observe
Figs. 3 and 4 in more detail. When a pair of kink and
antikink separate away from each other or recombine to
disappear, not only do excess spin and charge densities
alternate, but even their signs are oscillating, in the cen-
ters of them. Such striking fluctuations of spin and/or
charge densities are characteristic of photoproducts de-
caying nonradiatively rather than by luminescence.
V. SUMMARY AND DISCUSSION
Coexistent neutral and charged solitons as stable pho-
toproducts are characteristic of Pt2X chains. Mononu-
clear platinum complexes should be described with
larger Coulomb interactions, where neutral solitons
are probable photoproducts, while charged solitons are
much less expected due to an energy barrier on the
way from an STE to them in a pair, as is shown
in Fig. 8. Conversion of photoinduced charge-
transfer excitons into neutral soliton pairs has been
indeed detected in the chloro and bromo complexes,
[Pt(en)2Cl](ClO4)2 and [Pt(en)2Br](ClO4)2.
39,53,54,55
The photoinduced valence anomalies are all ESR-active
and a comparative study of the heterometal compound
[Pt(en)2][Pd(en)2Br2](ClO4)4, whose ground state is no
longer degenerate, enables us to distinguish spin solitons
from polarons.
No doubt the simultaneous stabilization of neutral and
charged solitons against STEs is attributable to the re-
duction of Coulomb interactions, but they owe much to
the binuclear unit-assembled structure as well. When we
artificially model PtX chains with a similar set of corre-
lation and coupling parameters as adopted in the present
Pt2X chains, charged solitons indeed look available from
STEs, but neutral solitons turn hardly reachable instead,
as is shown in Fig. 9. Such a situation more or less
agrees with experimental findings in PtI chains. There is
a report42,43 that photocarriers in [Pt(en)2I](ClO4)2 may
be charged solitons. Since the halogen character increases
in the platinum wave functions in the order Cl < Br < I,
the d-p transfers are enhanced and the Coulomb inter-
actions are therefore suppressed effectively in the iodo
complexes. The stabilization of charged solitons instead
of neutral ones is thus understandable. The generated
charged solitons are rather long-lived, possibly tunnelling
through a bumpy potential.43
The room-temperature conductivity of Pt2(dta)4I is
about nine orders of magnitude higher than those of typ-
ical PtX complexes.21 Photocarriers must be highly mo-
bile in Pt2X chains. Spin solitons, charged solitons and
polarons are likely to come together on such a fascinat-
ing stage. The real-time simulation reveals quantum tun-
nelling between neutral and charged solitons, breathing
motion of charged solitons in a pair, and asymmetry be-
tween electron and hole polarons, which are all stimula-
tive toward further experiments.
The band filling of the dta family M2(RCS2)4I (M =
Pt,Ni; R = CnH2n+1)
3,4,27,28 might be varied in gen-
eral because of their neutral chain structure. Under
doping, bipolarons,5,6,56,57,58 that is, doubly charged
bound polarons, also come into our interest. Be-
sides Pt2X chains, ladder-shaped PtX complexes have
been recently synthesized,59,60 exhibiting ground-state
variations.61,62,63 We hope our calculations will stimulate
extensive optical explorations of new varieties of metal-
halide complexes.
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FIG. 8: The solitonic relaxation channel of a photoexcited
PtX chain whose ground state is of the CDW type, where
UM/tMXM = 0.9, VMXM/tMXM = 0.35 and β/
√
tMXMKMX =
0.7. Electronic structures of the lowest- and second-lowest-
lying states, together with their background lattice config-
urations, are snapshotted at d = 18 (◦) and d = 12 (×),
respectively.
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FIG. 9: The same as Fig. 9 but UM/tMXM = 0.5,
VMXM/tMXM = 0.05 and β/
√
tMXMKMX = 1.0. snapshots
are taken at d = 2 (◦) and d = 6 (×).
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